Thymidylate synthase (TS; N 5 ,N 10 -methylenetetrahydrofolate: dUMP C-methyltransferase; EC 2.1.1.45) catalyzes the conversion of deoxyuridylate to thymidylate, and is a key enzyme that controls a balanced supply of four DNA precursors. The gene for TS is a typical housekeeping gene and its expression is regulated depending on both the cell cycle [1] [2] [3] and the state of cell proliferation.
Human promyelocytic leukemia HL-60 cells are known to be able to differentiate into granulocyte-like and macrophagelike cells by treatment with differentiation inducers such as retinoic acid and 1,25-dihydroxyvitamin D 3 (VD 3 ). During the differentiation of the HL-60 cells, the expression of some specific genes is induced, while that of some other genes is suppressed. In previous studies, we demonstrated that the expression of the TS gene is suppressed as the HL-60 cells differentiated into macrophage-like cells by VD 3 treatment. 15) Furthermore, we identified nuclear factors (NF-TS1, NF-TS2, NF-TS3) that bind to the 5Ј-region of the human TS gene, and found that the amounts of NF-TS2 and NF-TS3 changed markedly during the differentiation of HL-60 cells into macrophage-like cells induced by VD 3 . 13, 15, 16) Although the functions of NF-TS2 and NF-TS3 remain to be elucidated, they were suggested to function oppositely for the regulated expression of TS gene in the differentiation of HL-60 cells induced with VD 3 ; namely, NF-TS2 enhanced the expression of the TS gene and NF-TS3 suppressed it. 13) To investigate the functions of these nuclear factors, it is necessary to examine the changes in NF-TS2 and NF-TS3 in other systems where the expression of TS changes definitely.
All-trans retinoic acid (ATRA) is a typical reagent used to induce the differentiation of HL-60 cells into granulocytelike cells, 17) and it is reported to induce complete remission in a high proportion of patients with acute promyelocytic leukemia (APL). 18, 19) In the present study, we analyzed the expression of the TS gene during the differentiation of HL-60 cells induced by ATRA treatment, and characterized nuclear factors that bind to the 5Ј-region of the human TS gene during the differentiation. The findings were quite similar to those obtained in the case of the differentiation of the HL-60 cells induced by VD 3 treatment. These findings suggest that the same nuclear factor appear to be involved in regulating the expression of the human TS gene during the differentiation of HL-60 cells, regardless of the terminal cell type: macrophage-like cells or granulocyte-like cells. HL-60 cells differentiate into granulocyte-like cells by all-trans retinoic acid (ATRA) treatment, and the cellular proliferation is markedly reduced during the differentiation. To elucidate the molecular mechanisms of the growth arrest during the cellular differentiation, we examined the regulated expression of the thymidylate synthase ( 
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Louis, MO, U.S.A.).
Cell Lines and Culture Conditions HL-60 cells were cultured in F12 medium supplemented with 10% FBS and antibiotics as described previously. 20) For the induction of differentiation, HL-60 cells (2ϫ10 5 cells per ml) were treated with 10 Ϫ6 M ATRA for various periods. The medium containing ATRA was renewed every 3 d. HeLa S3 (SC) cells and TIG-1 cells were obtained from the Japanese Cancer Research Resources Bank (Tokyo, Japan). HeLa cells were cultured in ES medium 21) supplemented with 10% FBS, and TIG-1 cells were cultured in DMEM medium that supplemented with 10% FBS.
Assay of the Properties of Differentiated Cells The differentiation of HL-60 cells was determined both by microscopic observations after Wright-Giemsa staining and by the NBT reduction test. 22) NBT reducing activity was assayed using the reagents for the NBT Reduction Test by the method described by the manufacturer. The extent of differentiation was calculated from the ratio of numbers of cells with a segmented nucleus in Wright-Giemsa staining treatment or those positively stained with the NBT reduction assay to the total numbers of observed cells.
Preparation of Total RNA and Northern Blot Analysis Total cellular RNA was prepared from undifferentiated and differentiated HL-60 cells using a Total RNA Separator Kit according to the protocols recommended by the manufacturer. DNA probes for human TS mRNA and myeloid calcium binding protein mRNA in the Northern blot analysis were described previously. 1, 15) To normalize the amounts of TS and MRP14 mRNA, amounts of b-actin mRNA were measured with Northern hybridization. A DNA probe for bactin mRNA was prepared from a cDNA clone, pHFbA-1, 23) which was generously donated by Dr. Tsuchida of Tokyo Medical and Dental University with the permission of Dr. P. Gunning of Stanford University. Quantitative analyses of Northern blots were performed using a Bioimaging Analyzer BAS 2000 (Fuji Photo Film Co., Tokyo, Japan). A ratio of the amounts of TS mRNA or MRP14 mRNA to b-actin mRNA during the differentiation of HL-60 cells was calculated and shown as a relative amount of each mRNA, normalized to 100 for the maximum value of each species of mRNA (panel B in Fig. 3 ).
Gel Mobility Shift Assay Nuclear extracts were prepared from cultured cells according to Schreiber et al. 24) Protein concentrations were determined with a Protein Assay Kit (BioRad) and standardized with bovine gamma globulin. The extracts typically contained 2-5 mg/ml of protein. The conditions for the gel mobility shift assay were as described previously. 16) To identify the binding specificity of NF-TS2 and NF-TS3, DNA probes with deletions 13) and point mutations in the initiation codon of human TS gene (Fig. 5) were used in the gel mobility shift assay. DNA fragments with point mutations in the initiation codon of the human TS gene were prepared using a polymerase chain reaction (PCR). The sequences of the two primers for PCR were as follows: Primer 1; 5Ј-GTGGCTCCTGCGTTTCCCCC-3Ј corresponding to nucleotide positions Ϫ220 to Ϫ201 bp of the human TS gene, where nucleotide numbers were assigned so that the first position of the initiation codon of the human TS gene was ϩ1. Primer 2; 5Ј-CCAAGCTTGGCTCCGAGC-CGGCCACAGGCATGGCGCGG-3Ј corresponding to nucleotide positions Ϫ7 to ϩ22 bp. To introduce a point mutation at each ϩ1 to ϩ3 position, the corresponding position was synthesized with a mixture of A, T, G, and C nucleotide derivatives for chemical DNA synthesis. Plasmid pScBg6CAT, including a 587 bp ScaI-BglI fragment of the human TS gene, 14) was used as template DNA for the PCR. The conditions of PCR were described previously. 14) Products of PCR were cloned into pIGCAT 13) and the sequence was analyzed with a DNA sequence analyzer (model 370A; Applied Biosystems, Foster City, CA, U.S.A.). Plasmids with a point mutation in the initiation codon of human TS gene, as well as a plasmid with the wild-type initiation codon, were selected, and DNA fragments with or without a point mutation for gel mobility shift assay were prepared from these plasmids by double digestion with XbaI and HindIII.
RESULTS
Changes in the Level of the Expression of the Human TS Gene during Differentiation of HL-60 Cells
Induced by ATRA Treatment When human promyelocytic leukemia HL-60 cells were treated with ATRA, they were differentiated into granulocyte-like cells as reported previously. 19) Their proliferation was markedly reduced after 2 d of the treatment (Fig. 1) . The extent of differentiation of HL-60 cells reached about 90% when it was determined by the method based on NBT reducing activity, as well as the Wright-Giemsa staining method, as described in Materials and Methods (Fig. 2) . The change in the amount of TS mRNA during the differentiation of HL-60 cells was examined. The results shown in Fig. 3 demonstrated that the amount of TS mRNA rapidly decreased and reached about 20% of the starting level after 4 d of ATRA treatment. At the same time, the levels of the myeloid calcium binding protein (MRP-14) mRNA in HL-60 cells was determined using its cDNA as a probe for the evaluation of cell differentiation. The mRNA level reached a maximum after 2 d of ATRA treatment and then declined, which is consistent with previous findings. 15) Change in the Level of Nuclear Factors during Differ- entiation of HL-60 Cells In a previous study, we demonstrated that nuclear factors, NF-TS2 and NF-TS3, bind to the 5Ј-terminal region of the human TS gene and that NF-TS2 were present in nuclear extracts of HeLa cells and undifferentiated HL-60 cells, whereas NF-TS3 were present in nuclear extracts of TIG-1 cells and differentiated HL-60 cells by the treatment with VD 3 . In the differentiation of HL-60 cells induced with VD 3 , the amount of NF-TS2 decreased and, at the same time, that of NF-TS3 increased according to the progress of differentiation. The change in these nuclear factors corresponded to a decrease in the expression of the TS gene. 16) In the present study, we examined the change in the levels of the nuclear factors mentioned above when HL-60 cells differentiated into granulocyte-like cells by ATRA treatment. Formation of DNA-nuclear protein complexes was detected by gel mobility shift assay using a 216 bp XbaI-BglI fragment 16) as a probe that was derived from the 5Ј-terminal region of the human TS gene. As shown in Fig.  4 , a marked amount of the nucleoprotein complex containing NF-TS2 (band a in Fig. 4 ) and a very small amount of the nucleoprotein complex containing NF-TS3 (band b in Fig. 4) were detected with HeLa cell extracts and untreated HL-60 cell extracts. When the HL-60 cells were differentiated by ATRA treatment, the level of the nucleoprotein complex containing NF-TS2 did not change significantly during the cell differentiation, whereas the level of the nucleoprotein complex containing NF-TS3 clearly increased during the cell differentiation. The formation of the two nucleoprotein complexes was reduced by the addition of a specific competitor, the XbaI-BglI fragment, but was not affected by the addition of a non-specific competitor, a ScaI-XbaI fragment from the 5Ј-terminal region of the human TS gene 16) (data not shown).
Identification of Nucleotide Sequences Involved in the Formation of Nucleoprotein Complexes
We previously analyzed the binding site of NF-TS2 and NF-TS3 from HL-60 cells differentiated with VD 3 , and of NF-TS2 from HeLa cells. The previous findings revealed that NF-TS2 from HL-60 cells and NF-TS2 from HeLa cells were identical factors that commonly existed in the different cell lines and that NF-TS2 and NF-TS3 bound to the same region including the ATG initiation codon of the human TS gene. 13, 16) We examined the cell type specificity of these two nuclear factors using nuclear extracts from variety of cells, and found that TIG-1 cells contain NF-TS3 as a major factor that binds to the region including the ATG initiation codon of the human TS gene, whereas a trace amount of NF-TS2 is observed when the cells are in a proliferating state. 13) For further analysis of the binding sites of NF-TS2 and NF-TS3, we prepared DNA fragments with a point mutation in the ATG initiation codon of the human TS gene, then carried out gel mobility shift analyses of NF-TS2 using HeLa cell extracts and NF-TS3 using TIG-1 cell extracts with these DNA fragments as probes. With HeLa cell extracts, NF-TS2 was observed when an XbaI-BglI fragment in the 5Ј-terminal region of the human TS gene was used as a probe (band a in lane 1 of Fig.  6 ). When the DNA fragment that has the mutation of ATG to ATA in the initiation codon of the human TS gene was used as a probe, the pattern of gel electrophoresis was similar to that obtained using a wild-type probe. However, the mutations of ATG to TTG, CTG, AAG, or ACG caused a diminished main retardation band, and another faint band was observed above the NF-TS2 band (lanes 3 to 6 of Fig. 6 ). When nuclear extracts prepared from TIG-1 cells were used, NF-TS3 was observed as a major band (band b in lane 7 of Fig.  6 ). In this case, the mutation of ATG to ATA did not affect the electrophoretic pattern, as shown in lane 8 of Fig. 6 , which was similar to the case of NF-TS2. When other mutant fragments were used as probes, no retardation band was observed, as shown in lanes 9 to 12 of Fig. 6 . These findings suggest that the first and second positions of the initiation codon of the human TS gene are important for the binding of NF-TS3 and for the rigid formation of the complex of NF-TS2. It is noteworthy that the recognition patterns of NF-TS2 and NF-TS3 for the DNA binding site are very similar.
We then examined the binding site of the nuclear factors observed in the nuclear extracts of HL-60 cells differentiated by the ATRA treatment, and compared it with the case of the VD 3 treatment. For this analysis, we used the DNA fragments with point mutations in the initiation codon ATG and the deletion mutants in the region around the ATG codon used in a previous study. 13) Using these mutated DNA fragments as probes and nuclear extracts prepared from HL-60 cells differentiated with ATRA, the formation of the nucleoprotein complexes was examined by a gel mobility shift assay. As shown in Fig. 7 , when the DNA fragments in which the mutation from ATG to AAG and TTG was introduced, a new minor band near band a (NF-TS2 complex) appeared, and band b (NF-TS3 complex) disappeared. These findings were similar to those shown in Fig. 6 , which were obtained with the NF-TS2 and NF-TS3 prepared from HeLa cells or TIG-1 cells. When the DNA fragment of 249 bp (Ϫ189 to ϩ15) was used, two discrete bands which appeared to be nucleoprotein complexes containing NF-TS2 and NF-TS3 were observed (bands a and b in lane 5 of Fig. 7) . In contrast, when the DNA fragments of 231 bp (Ϫ189 to Ϫ3) and 173 bp (Ϫ189 to Ϫ61), in which the sequence including the deleted initiator codon ATG were used, the formation of a nucleoprotein complex was not observed. These findings are consistent with the previous observations on the binding specificity of NF-TS2 and NF-TS3. 13, 16) The findings shown in Fig. 7 indicate that the binding site of NF-TS2 and NF-TS3 in nuclear extracts prepared from HL-60 cells differentiated with ATRA is the region around the initiator codon ATG, which is similar to the binding sites of NF-TS2 and NF-TS3 prepared from HeLa cells and TIG-1 cells and also HL-60 cells differentiated with VD 3 .
DISCUSSION
Human promyelocytic leukemia HL-60 cells differentiate into macrophage-like cells and cell growth is arrested when the cells are treated with VD 3 . In a previous study, we demonstrated that the expression of the TS gene is suppressed during the differentiation of HL-60 cells. 15) In the present study, HL-60 cells were differentiated into granulocyte-like cells by treatment with ATRA. As in the case of the differentiation with VD 3 , expression of the human TS gene Open and thick solid bars represent the first exon with the initiator codon ATG of the human TS gene and the 5Ј-terminal region of a CAT gene, respectively. Thin horizontal lines represent the region upstream from a cap site of the human TS gene. ATA, TTG, CTG, AAG and ACG represent the sequence which has a mutation in the initiation codon of the fragment derived from the human TS gene by PCR. The point mutation fragments, as well as a wild type fragment, include the region from Ϫ189 to ϩ22 of the human TS gene. At the position of ϩ22, a restriction site of HindIII was introduced by PCR. The ϩ15, Ϫ3 and Ϫ61 deletion mutant probes indicate DNA fragments with deletions from the 3Ј-end of the human TS gene. 13) Dotted horizontal lines indicate the deleted region of the human TS gene. These three fragments include the regions from Ϫ189 to ϩ15, Ϫ189 to Ϫ3 and Ϫ189 to Ϫ61, respectively, and a part of a CAT gene ending at the PstI site. was suppressed as cell growth was arrested (Fig. 3) .
In previous studies, 13, 16) we identified nuclear factors (NF-TS1, NF-TS2, and NF-TS3) that bound to the 5Ј-terminal region of the human TS gene, and found that the amounts of NF-TS2 and NF-TS3 changed markedly as HL-60 cells differentiated into macrophage-like cells by the treatment with VD 3 . The change in the levels of nuclear factors, NF-TS2 and NF-TS3, that bind to the 5Ј-terminal regulatory region of the human TS gene was examined during the differentiation of the HL-60 cells induced with ATRA. The amount of NF-TS2 did not change significantly during the differentiation, whereas that of NF-TS3 clearly increased as the cells differentiated. Nuclear factors found in the differentiated HL-60 cells were shown to bind to the sequence around the initiation codon ATG of the human TS gene. From the present and previous findings where the amount of NF-TS3 markedly increased during the differentiation of HL-60 cells into macrophage-like cells by the treatment with VD 3 , NF-TS3 was suggested to be involved in the suppression mechanism of the human TS gene expression during the differentiation of HL-60 cells, regardless of the terminal cell type: macrophage-like cells or granulocyte-like cells. To substantiate the NF-TS3, molecular cloning of the gene encoding the nuclear factor is currently in progress.
In normal tissue, the arrest of cellular proliferation is strongly coupled with terminal differentiation. The finding that the common nuclear factor, NF-TS3, suppressed the human TS gene in the differentiation of HL-60 cells, regardless of the terminal cell type, suggests a common mechanism that suppresses the cellular proliferation in the differentiation of HL-60 cells. Recently, the importance of the p53-independent induction of cyclin-dependent kinase inhibitor p21 and p27 in the differentiation of HL-60 cells was reported. 25, 26) In the differentiation of HL-60 cells induced with VD 3 , the suppression of p21 expression reduced the extent of differentiation of HL-60 induced with VD 3 . 25) One of the possible functions of the induction of p21 is to block the cell cycle in the G 1 state, leading to the differentiation of HL-60 cells. In the differentiation of HL-60 induced with ATRA, the induction of p21 mRNA was reported 27) to be coupled with the differentiation. Therefore, cyclin-dependent kinase or its inhibitor may be a candidate that regulates NF-TS3, which suppresses the expression of the human TS gene, a typical essential gene for cellular proliferation.
Further analyses of the binding sites of NF-TS2 and NF-TS3 revealed that the binding patterns of the two nuclear factors are very similar and that the first and second positions of the initiation codon of the human TS gene are important for the formation of rigid complexes. These findings suggest that these two factors share the same DNA binding component and that the changes observed during the cell differentiation of HL-60 cells reflect changes in the composition of the components in a nucleoprotein complex other than the binding component. Further biochemical studies are needed to elucidate the changes of NF-TS2 and NF-TS3. However, taking into account the fact that NF-TS2 is observed as a prominent factor that bind to the ATG region of human TS gene in transformed or actively proliferated cells, the release of the transcriptional activation component of NF-TS2 is a candidate mechanism for suppression of TS gene expression during the cellular differentiation of HL-60 cells.
